Abstract: A novel sensor for simultaneous measurement of curvature and temperature based on the Mach-Zehnder interferometer (MZI) is presented. The sensor consists of slight core-offset and spherical-shape structures. The core offset excites cladding modes, and the spherical shape couples the cladding modes back into the core and interferes with the core mode. Two dips of the interference fringe shift with the variation of curvature or temperature, and simultaneous measurement of curvature and temperature can be realized by means of a sensitivity coefficient matrix. Two MZIs with different lengths are fabricated. For sensor 1 with the length of 20 mm, the curvature sensitivity is as high as −22.227 nm/m −1 in the range of 4.66-5.50 m −1 , and the temperature sensitivity is 0.0847 nm/°C in the range of 60°C-100°C. For sensor 2 with the length of 16 mm, the curvature sensitivity is −20.128 nm/m −1 in the range from 5.66 to 6.53 m −1 , and the temperature sensitivity is 0.0737 nm/°C in the range from 40°C to 100°C.
Introduction
The optical fiber sensor has been widely studied because it has the advantages of small size, flexibility, resistance to electromagnetism, and the possibility of distributed measurement. Optical fiber interferometer sensors, especially the Mach-Zehnder interferometer (MZI), have attracted great attention for their application prospects in various areas such as physical measurements, environmental industry monitoring, and chemical measurements, for example, sensors for displacement and force measurements constructed by two S-bend fibers [1] , sensors for temperature measurement which applies offset splicing configuration and Germania-doped few-mode fiber [2] , and refractive index (RI) measurement based on single-mode-multi-modesingle-mode (SMS) configuration which uses etched multimode fiber (MMF) [3] . Optical fiber curvature sensors have drawn special attentions due to their applications in bending measurement areas [4] . So far, there are various configurations of MZI to realize curvature measurement. We once demonstrated a MZI based on two peanut-shape structures, and the curvature sensitivity is −21.87 nm/m −1 [5] . Zhang presented a bending sensor based on lateral-offset and up-taper, where the bending sensitivity is 11.987 nm/m -1 [6] . L. Niu proposed a curvature sensor based on two cascading abrupt-tapers configuration and the curvature sensitivity of −25.946 nm/m −1 is obtained [7] . However, the interference from the other parameters to the bending measurement is a crucial issue, for instance, temperature. Therefore, there are several works about simultaneous measurement of curvature and temperature. Mao presented a MZI for simultaneous measurement of curvature and temperature based on lateral-offset splicing and ultra-abrupt taper [8] . Zhou proposed a sensing structure constructed by combining a PCF-based MZI with a FBG [9] , but their curvature sensitivities need to be improved.
In this work, we propose a MZI comprising slight core-offset splicing and spherical-shape structures for simultaneous curvature and temperature measurement. The mode fields of the core-offset junction with different offset values and spherical-shape structure with different diameters are simulated. Two MZIs with different lengths are fabricated, and the responses of curvature and temperature are presented. The best curvature sensitivity of −22.227 nm/m −1 is acquired in the range of 4.66-5.50 m −1 for the sensor with length of 20 mm. Simultaneous measurement of curvature and temperature can be realized by substituting the sensitivities to coefficient matrix. The slight core-offset splicing can maintain the robustness of the MZI, and the proposed MZI is characterized by high curvature sensitivity, easy fabrication, and good robustness.
Sensor Design and Fabrication
The schematic diagram of the proposed MZI for curvature and temperature measurement is depicted in Fig. 1(a) . It cascades a lateral core-offset with a spherical-shape structure. The coreoffset and the spherical-shape structures are fabricated by commercial fusion splicer (FSM 60S). The spherical-shape structure is fabricated by manual splicing. First, apply arc discharge twice at one end of a single mode fiber (SMF), the end of SMF will be soften and become sphericalshape, the parameters of the arc discharging are as follows: the discharge duration is 1200 ms; the discharge intensity is 135 bit. Second, a section of SMF is spliced to the spherical-shape by normal splicing after manual alignment. The core-offset structure is also fabricated by manual splicing. Two ends of SMF were misaligned with a lateral 8 m core-offset manually, and then the two ends are spliced together by arc discharge with discharge time of 1700 ms, and discharge intensity of 150 bit. When manufacturing the core-offset structure, radial displacement of 8 m is measured by proportion method before splicing, and then, it is measured accurately by a microscope after the structure is fabricated.
The simulation of the propagation of the fiber core mode by Rsoft software is depicted in Fig. 2 . The operation wavelength is 1550 nm. Fig. 2(a) shows the simulation of light passing through the core-offset structure, and the offset value is set as 8 m. As the light propagates, it can be observed that about 70% of the light in the fiber core leaks to the cladding. The relationship between the sphere diameter and the output power is plotted in Fig. 2(b) , it can be seen that the intensity of the output power will decrease as the offset value increase. Fig. 2(c) shows the propagation of the light at the spherical-shape structure, and the diameter of the sphere is set as 186 m. It can be seen that about 10% the light in the fiber core leaks to the cladding at the spherical-shape structure. The relationship between the sphere diameter and the output power is shown in We fabricated two MZIs with different lengths of 20 mm and 16 mm and named them sensor 1 and sensor 2, respectively. The photo of the core-offset we fabricated is shown in Fig. 1(b) , and the offset is 8 m. The photo of the spherical-shape structure is shown in Fig. 1(c) , and the diameter of the sphere is 186 m. The extinction ratio of the MZI's interference fringes is very high, which can satisfy the demand of measurement. The transmission spectra of sensor 1 (20 mm) and , and the corresponding spatial frequency spectra are shown in Fig. 3 . It can be observed that there is one dominant cladding mode and one weak cladding mode for sensor 1, while there are two weak cladding modes for sensor 2, which means sensor 1 excites dominant cladding mode more efficiently.
Working Principle and Experiment
As depicted in Fig. 1(a) , the input light propagates in the lead-in SMF as core mode. The lateral core-offset junction works as a coupler and the spherical-shaped structure works as a recoupler. The cladding mode will be stimulated at the core-offset junction because of the mismatch of the mode field, and the spherical-shaped structure recombine the core-mode and the cladding mode together, thus an in-line MZI is formed. There is refractive index (RI) difference between the core mode and cladding mode, so it induces the phase difference between the two modes, which can be expressed as
where Án eff is the effective RI difference between the core mode and the cladding mode, L is the length between the core-offset and the spherical-shape structures, and is the input wavelength. When the phase difference satisfies the equation È m ¼ ð2m þ 1Þ, where m is an integer, the interference fringe will show resonance.
When the MZI is bent, the wavelengths of the dips can be given by [5] 
where Án 0 eff is the effective RI difference between the core mode and the cladding mode without bending; k ¼ À0:1649 Â 10 À9 " À1 is the strain-RI index coefficient; d is the distance between the fiber core and cladding; R is the bending radius.
According to (2) , the dip wavelength is linear to the curvature of the fiber. The wavelength shift of the interference dip can be expected to observe in curvature sensing.
The experimental setup for curvature measurement is shown in Fig. 4 . Light from a broadband source (BBS) with the wavelength range from 1500 nm to 1600 nm is put into the MZI. An optical spectrum analyzer (OSA) with a resolution of 0.02 nm is used to monitor and record the transmission spectra of the MZI. The two ends of the MZI are clamped on two translation stages, and the distance between the two translation stages is 150 mm. One of the translation stages is fixed and the other translation stage is moved inward 0.25 mm each time. Therefore, the fiber will be bent and the curvature can be approximately expressed by [10] 
where x is the moving distance of the movable stage, and L 0 ¼ 150 mm is the initial separation of the translation stages. The influence of temperature on the dip wavelength can be expressed by
where is the thermo-optic coefficient, is the thermo-expansion coefficient, and ÁT is the variation of temperature. It can be seen that the wavelength shift of the interference fringe is linear to the variation of temperature, and therefore, temperature measurement by using the proposed MZI is expected. In temperature experiment, the MZI is placed on a heating furnace. The temperature is set from 40°C to 100°C with a step of 5°C, and the transmission spectra are recorded.
Simultaneous measurement of curvature and temperature can be achieved by monitoring the wavelength shift of selected two dips. Since the two dips have different sensitivities towards curvature and temperature, the variations of curvature and temperature can be discriminated, and can be calculated using coefficient matrix as [9] 
Experimental Results and Discussion
Fig . 5(a) shows the interference fringes of the sensor 1 at the curvature of 4.42 m −1 . Dip-A and dip-B are selected at the wavelengths of around 1540 nm and 1571 nm respectively, as they have the maximal contrast ratio. Fig. 5(b) shows that the wavelength of dip-B has a blue shift from 1571.6 nm to 1548.4 nm, and the wavelength of dip-A has a blue shift from 1540.4 nm to 1521.5 nm, when the curvature increases from 4.42 m −1 to 5.50 m −1 . Fig. 5(c) shows the variations of dip-A and dip-B with different curvatures. It can be seen that the resonant dip-A disappears when the curvature is increased larger than 5.96 m −1 . The resonant dip-B can be observed when the curvature is increased to 6.93 m −1 , but the contrast ratio is very low, which leads the dip wavelength difficult to read out. Besides, the resonant wavelengths of dip-A and dip-B are according to different interference orders m. Therefore, they show different responses to curvatures. The wavelength shifts of dip-A and dip-B as a function of curvature change are shown in Fig. 5(d) . The curvature sensitivities of dip-A and dip-B are obtained by linear fitting and they are −18.166 nm/m −1 and −22.227 nm/m −1 , respectively. Moreover, the curvature applied is up to about 10 m −1 in the experiment. The sensor head can endure the applied curvature many times and is not easy to break, which means the sensor has high mechanical strength. Fig. 6(a) shows the transmission spectra at different temperatures. Both dip-A and dip-B have red shift, dip-A has a shift of about 3.5 nm and dip-B has a shift of about 3.1 nm. Fig. 6(b) shows the relationship between temperature variations and the wavelength shifts of dip-A and dip-B. The sensitivities of dip-A and dip-B are 0.0847 nm/°C and 0.074 nm/°C, respectively. Curvature measurement of sensor 2 with length of 16 mm is also performed. Two wavelength dips of about 1536 nm and 1573 nm are selected as dip-C and dip-D respectively. As the curvature rise from 5.66 m −1 to 6.53 m −1 , the two dips have blue shift, and the wavelength shift of dip-C is shown in Fig. 7(a) . The relationship between curvature and wavelength shift is shown in Fig. 7(b) , where the linear fitting results show that the curvature sensitivities are −20.128 nm/m −1 and −17.990 nm/m −1 , respectively. Temperature response of sensor 2 is also tested. Fig. 7(c) shows the wavelength shift of the two dips as a function of temperature variations. When the temperature rises from 40°C to 100°C, the two dips have a red shift, about 3.6 nm and 4.5 nm, respectively. The measured wavelength shifts with temperature variations are analyzed by linear fitting, and the temperature sensitivity are 0.05797 nm/°C and 0.07375 nm/°C, respectively.
According to (5) , the variations of curvature and temperature can be discriminated by coefficient matrix. Substituting the curvature sensitivities and temperature sensitivities of dip-A and dip-B to (5), we can get , and the corresponding curvature resolution is 9 Â 10 À4 m À1 , which is comparatively high. This sensitivity is higher than that of the sensors in [4] - [6] , [8] , [9] , [12] , and is slightly lower than that in [7] , but the structure robustness of our sensor is much better. In addition, the temperature sensitivity of 0.0847 nm/°C is higher than that of the sensors in [9] , [11] , and [13] . Moreover, the fiber used in our sensor is just conventional SMF, and the sensor has the advantages of easy fabrication and low cost when compared with the sensors in [2] , [10] , and [12] . , and the temperature sensitivities are 0.05797 nm/°C and 0.07375 nm/°C. Sensitivity coefficient matrix can be applied to distinguish the variations of curvature and temperature. The proposed sensor has high curvature sensitivity, so it is suitable for high-accuracy curvature measurement. In addition, it has the advantages of easy fabrication, low cost, and good robustness.
Conclusion

